Abstract: Corrosion of PC tendon embedded in concrete deteriorates performance of PC (prestressed concrete) members. Corrosion crack observed in pretensioned PC members is different from that in reinforced concrete and post tensioned PC members. The purpose of this study is to clarify mechanisms of corrosion crack in pretensioned PC members. Contribution of compressive stress induced by prestressing force and arrangement of PC tendons on corrosion crack in pretensioned PC members is investigated through experiment and numerical analysis. Three dimensional finite element analyses were carried out to simulate corrosion crack in PC specimen. Based on the analytical and experimental results, the influencing factor of corrosion crack in pretensioned PC members is discussed. It was concluded that the contribution of compressive stress in concrete by prestressing force on corrosion crack is not significant and that the dominant reason for wider corrosion cracks in pretensioned PC members is the arrangement of PC tendons with small intervals.
Introduction
It is well known that corrosion of steel reinforcement embedded in concrete causes concrete crack along the reinforcement in RC (reinforced concrete) and PC (prestressed concrete) structures. So far, most studies on corrosion crack have focused on RC structures with steel reinforcement. Recently, some studies on corrosion crack in post tensioned PC structures with steel sheath have been reported by Mutsuyoshi et al. [1] and Miyagawa et al. [2] . Compared with the cases of RC and post-tensioned PC, corrosion crack in pretensioned PC structures have not been well clarified. Fig. 1 shows pretensioned PC beams of Urokazaki Bridge which had been in service for 35 years in the coastal area in Niigata, Japan [3] . A number of corrosion crack were observed on the surface of concrete. The crack width reached 11.5 mm at most, which is around three times of diameter of PC tendon used in this member. The reason of such wide corrosion cracks in pretensioned PC members is not clear.
Therefore, the authors try to clarify it in this study. The authors consider two possibilities as the reason of wider corrosion crack in pretensioned PC members: effect of compressive stress due to prestressing force and arrangement of PC tendons with small intervals.
Compressive stress induced in concrete by prestressing force can reduce or eliminate tensile stress in concrete in PC members under service load. As a consequence of compression stress in longitudinal direction, concrete is tensioned to lateral direction due to Poisson's effect. This might accelerate corrosion crack along the longitudinal direction. Study on corrosion of PC tendon in concrete by chloride attack was performed by Li et al. [4] . It was shown that the magnitude of prestressing force affects the corrosion rate due to mechanical chemistry effect.
On the other hand, pretensioned PC member contains multi layers of PC tendons in both horizontal and vertical direction. Contribution of the second or higher layers of PC tendons to propagation of corrosion crack might not be neglected. The effect of spacing between reinforcements on propagation of corrosion crack and crack width on surface of RC member was every day. Occurrence of the first crack was judged when crack width reached 0.01 mm. Thereafter, crack width was measured using manual scale at 3 points: in the middle of the beam, 100 mm to left side and right side from the midpoint. Average of those 3 crack widths was employed in the discussion. Electric current induced in corrosion test was recorded by the data logger every 30 min. Accumulative current (∑I·T) was calculated at the end of corrosion test. Amount of corroded PC tendon can be estimated using equation below based on Faraday's law. = α·∑I·T (1) where, W is mass loss of PC tendon (gr), α is coefficient of electrolytic corrosion (gr/A.hr), I = current (A) and T is time (hr). Coefficient of electrolytic corrosion is 1.0744 gr/A·hr according to α = M / (z × F), where M is the atomic mass of the metal (Fe = 56 gr), z is the ionic valence of the metal (Fe = 2) and F is Faradays constant (96,485 A·s). After the corrosion test was completed, corroded PC tendons were taken out from concrete. Rust was then removed from PC tendons using a wire brush and then immersed in 10% ammonium citrate solution in one day. Mass loss of the PC tendon during the corrosion test was calculated from the accumulative current at the time by interpolation. Fig. 4 shows experimentally obtained relationship between corrosion of PC tendon and crack width of the specimens under compressive stress. It is found in Fig.  4 that compressive stress contributes to the initiation and opening of crack. Occurrence of crack in prestressed concrete is a little faster than in specimen without compressive stress. This phenomenon can be led by Poisson's effect, concrete beam is under compression in the longitudinal direction due to pre-stress and simultaneously under tension in the lateral direction. However, the quantitative contribution of compressive stress on the development and opening of corrosion crack is small. Crack width in PC-2 was approximately equal with PC-4.
Test Results and Discussions

Analytical Investigation
Modeling of Corrosive Expansion of PC Tendon
The three dimensional finite element program Diana [7] is employed to simulate corrosion crack in concrete member, in which a non-linear strain-softening behavior in crack propagation by Reinhardt [8] is considered. It is assumed that the PC tendon expands due to corrosion as shown in Fig. 5 and Eq. (2):
where, dr is increment of radius of PC tendon due to corrosive expansion under unrestraint condition (mm), is radius loss of PC tendon (mm), is original radius of PC tendon (mm) and  is expansion coefficient of rust which the ratio between volumes of corrosion product to the volume of PC tendon consumed in the corrosion process. The value of γ was determined as 3.14 based on the experiment by Zhao [9] . PC tendon was modeled as an elastic material. Radius loss of PC tendon was converted into mass loss [10] by following equation:
where, W loss is amount of corroded PC tendon in gr/mm 2 and ρ s is density of PC tendon (7.85 × 10 -3 gr/mm 3 ).
Finite Element Analysis
The finite element code Diana-version 9.4.4 was used in numerical analysis of specimen. The stress-strain relationship shown in Fig. 6 is used for concrete in tension to express crack propagation [8] .
The constant value c 1 is 0.31. The softening branch is defined by the following equation:
Uniaxial tensile strength (f t ), Young's modulus (E) and fracture energy (G f ) were estimated from compressive strength and maximum aggregate size as stated in CEB model code [11] . The material properties applied are presented in Table 3 .
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Conclusions
